Phytosterols (PS) are plant origin sterols naturally found in many foods and added as food additives. Since 1950, PS have attracted considerable attention due to their ability to lower serum cholesterol and inhibit cardiovascular disease (CVD). However, recent studies have found that PS act as endocrinedisrupting chemicals in laboratory animals. Therefore, this study was aimed at finding the mechanism(s) for PS effects on the sexual behaviors and reproductive functions in male Japanese quails (Coturnix coturnix japonica). At 15 d of age, 30 male Japanese quails were randomly assigned to 3 groups for the chronic in-vivo experiment. Animals were gavaged daily with single dose of PS suspension (PS dissolved in medium chain triglyceride [MCT]) into the crop sac from 15-100 d of age. Following maturation, a sexual behavior test, semen collection, and test of fertilization ability were performed. Blood was collected by cervical dislocation at 100 day of age for hormones analysis. To observe the direct effects of PS on the testis, interstitial cells of the normal testes were cultured for 24 h. Ovine-LH (O-LH) was used for half of each group to stimulate interstitial cells for testosterone production. The results showed that chronic doses of PS reduced (P < 0.01) mount and copulation behavior in male quails (primarily in the group receiving 800 mg/kg BW). Both acute in vitro and chronic in vivo experiments revealed a reduction in testosterone (P < 0.05) after PS treatments; concomitantly, Leydig cell numbers were also low (P < 0.05) at a dose of 800 mg/kg BW. Real-time PCR results showed lower expression of 17β-hydroxysteroid dehydrogenase (17β-HSD) at the same dose. The results suggested that feeding large amounts of PS reduced testosterone levels and sexual behavior by affecting Leydig cell proliferation, and cholesterol trafficking, 17β-HSD expression in the testes of male Japanese quail.
INTRODUCTION
Phytosterols (PS) are plant-derived compounds that are widely founds in seeds, nuts and legumes (Lagarda et al., 2006) . Dietary PS has a similar structure to cholesterol except for some modification of the ethyl and methyl groups on C24 (Moghadasian and Frohlich, 1999) . PS include 250 sterols, and related compounds are reported in plants and marine materials (Piironen et al., 2000; Lagarda et al., 2006) . However, only β-sitosterol, compesterol and stigmasterol are abundantly found in nature (Lagarda et al., 2006) . PS are used as supplements added into human and animal dietary regimes due to potential effects on intestinal cholesterol absorption and cardiovascular diseases (CVD) (Moghadasian, 2000; Lagarda et al., 2006) . Feeding of PS significantly decreased C 2017 Poultry Science Association Inc. Received February 22, 2017 . Accepted May 11, 2017 Corresponding author: gen@cc.tuat.ac.jp low-density-lipoprotein cholesterol (LDL-C) and cholesterol biosyntheses (Tilvis and Miettinen, 1986; Vanstone et al., 2001) . Moreover, the antiinflammatory, anti-cancer, and antioxidative effects of PS have been well documented (Bouic, 2001; Yoshida and Niki, 2003; Lagarda et al., 2006) .
The concept of endocrine-disrupting activity of PS comes from aquatic animal species. Pulp mill effluents are a source of PS in nature that cause reduced sex steroid levels and gonadal size in fish (Van Der Kraak et al., 1992) . β-Sitosterol decreased testosterone and 11-ketotestosterone levels in males and testosterone and 17β-estradiol in goldfish (Maclatchy and Vanderkraak, 1995) . In the rodent, Awad et al. (1998) found that feeding of PS significantly reduced testosterone production and metabolism in the rat. In addition, the antifertility activity of PS in the rat and in sterolin-deficient mice have been previously reported (Solca et al., 2013; Singh and Gupta, 2016) . Feeding of PS also increased corticosterone level in male Japanese quail (Liu et al., 2012) . However, the endocrine-disrupting activity of PS is not fully understood.
The Japanese quail is an excellent laboratory model for studying reproductive endocrinology and physiology (Ball and Balthazart, 2010) . The objective of this study, then, was to understand the mechanism of PS effects on the sexual behaviors and reproductive functions in male Japanese quail.
MATERIALS AND METHODS

Chemicals
PS was provided by Tama Biochemical Co., Ltd, Japan with 97.2% purity (β-sitosterol 42.9%, stigmasterol 23.8%, campesterol 25.6% and brassicasterol 7.7%). Medium-chain triglyceride (Miglyol 812 N) was provided by Mitsuba Trading Co. Ltd., Japan.
Preparation of PS suspension
The PS suspension was prepared as described previously (von Bonsdorff-Nikander et al., 2005) with minor modification. In brief, PS and medium-chain triglyceride (MCT) were heated in a vessel while stirring. PS was dissolved at 100
• C and a clear solution was formed. After cooling the solution to 90
• C, the vessel was immediately immersed in ice and the suspension was stirred until it had reached room temperature (25
• C). The suspension was then stored in an airtight glass container at 4
• C. Before use, the container was kept in warm water (37
• C) for a time to create a solid for easy gavage into the crop sac.
Animals and Experimental Design
Male Japanese quail were obtained by incubating eggs from our laboratory quail stock. Quails were housed in a controlled environment {(lighting from 05.00 to 19.00 hours, temperature 25 ± 2
• C, and humidity 50% ± 10%). Birds had free access to standard commercial feed (Cosmos Company, Aichi, Japan) and water. After separation of males and females by sexual morphology, 30 male quails were randomly assigned to 3 groups (control) and PS treatments (80 and 800 mg/kg BW). Chronic feeding of PS was performed from 15 to 100 d of age, and daily single doses of PS were gavaged into the crop sac.
Sexual Behavior Tests
All procedures for the sexual behavior test were performed as previously described in chickens (Hirao et al., 2009) . With minor modifications, sexually mature male quails (8 weeks) were individually housed in cages (40 cm x 20 cm x 18 cm) for two weeks. Thereafter, intact females (same age) were introduced to each male for five min and sexual activities of individual male quail were recorded by JVC video recorder (Everio # GZ-E225-T, Kenwood Corp., Malaysia). The frequencies of waltzing, mount, and copulation behaviors were evaluated for one min and for a total of five min among the groups.
Cloacal Gland Size and Foam Amounts
The sizes of cloacal gland were measured using a Vernier caliper (the longest length × the greatest width) as previously reported (Li et al., 2006) . One hour following the removing foam from cloacal gland, the amount was collected by gentle squeezing of foam glands and indivedually measured using a digital balance (ASONE, Corporation, China).
Semen Collection
Following the sexual behavior test, male quails were trained 2 wk to allow semen collection. The female teaser method was applied for semen collection as described previously (Chelmonska et al., 2008; Hanafy et al., 2016) . Briefly, to minimize the chance of semen contamination, feathers surrounding the cloacal vent were clipped. The procedure adopted for quails began by taking the male from the cage using the left hand and the cloacal foam was removed by gently squeezing the gland; the bird was then placed back in its cage, and the female was introduced into the male cage. In order to prevent unintentional copulation, the palm of the hand was placed under the male's cloaca. At the moment of intense male excitation, manifested by the characteristic arching of the back and spreading of the wings, the male was quickly taken from the cage. The procedure was repeated for each quail during the days of training.
On the experimental day, after excitation of the male, the lateral wall of the cloaca was gently squeezed until the copulatory organ was everted. From the dense and viscous area, 5 μL semen was collected by micropipette. Minimum Essential Medium (MEM) was used as semen extender as previously described (Dumpala et al., 2006; Adkins-Regan, 2014) , and the sperm morphology was studied in nigrosin-eosin stained smears under a light microscope (BX50F, Olympus Optical Co., Ltd., Japan). The concentration of spermatozoa was calculated using hemocytometer. The semen quality factor (SQF) was evaluated according to the following formula: SQF = ejaculate volume (mL) × sperm concentration (×10 6 /mL) × live normal spermatozoa (%)/100%.
Fertilization Test
All procedures for the fertilization test were described previously (Hanafy et al., 2016) . With minor modifications, a couple (consisting of a male and intact female) was placed in a separate cage for one week. During the week, eggs laid by intact females were not used for the test. After a single insemination in the Japanese quail, female birds typically store spermatozoa for several days (approximately 10 d) in the sperm storage tubule (SST) (Birkhead and Fletcher, 1994) . After 1 wk, laid eggs were collected daily and stored for 1 wk at +15
• C. The fertilized eggs were then incubated in a humidified egg incubator (Showa Furanki, Co., Ltd., Japan) for 8 d. The candling method was used for identification of fertilized and non-fertilized eggs.
Male quails were sacrificed by cervical dislocation under sedation with diethyl ether for blood and internal organ sampling at 100 d of age. All experimental procedures were performed in accordance with the guidelines approved by the Tokyo University of Agriculture and Technology committee for Animal Welfare and Ethics.
Hormonal Analysis
Plasma testosterone was measured by doubleantibody RIA using 125I-labeled radioligand as described previously (Taya et al., 1985) . Anti-sera against testosterone (GDN250) was provided by Dr. Niswender GD (Colorado State University, Fort Collins, CO. USA). LH concentration was measured by RIA (Beltsville, MD, USA) using USDA-cLH-1-3 for iodination and USDA-cLH-K-3 for the chicken LH standard. Antiserum against LH was anti-avian LH (HAC-CH27-01 RBP75 [Gunma University, Maebashi, Japan]). The intra-and inter-assay coefficient of variation was for testosterone 4.5% and 6.6%, and LH 6.1% and 11.3% respectively. The parallelism between dose response curve of samples and the standard for testosterone was shown in Figure 1 . Specificity of the mentioned antiserum against Japanese quail LH was previously reported (Hattori et al., 1986) . 
Histologic Examination of the Testis
The left testis was immediately fixed in 4% paraformaldehyde (Wako, CO. Osaka, Japan) after decapitation of the animals. The fixed testis was paraffin embedded, sectioned at 6 μm, and the sections placed on poly-L-lysine-coated slides (Matsunami Glass Ind., Ltd., Osaka, Japan) for hematoxylin and eosin staining (for details refer to Ahmed et al., 2015) .
For histologic examination, 3 transverse sectioned slides were observed for each testis using an Olympus BX50 microscope. For the Leydig cell counts, 5 field on each slides were randomly selected based on the shape of the seminiferous tubules (pentagonal or hexagonal), under low magnification (10×). The Leydig cell numbers were counted under high magnification (40×) using the entire field of view (FOV). The total numbers of cells were calculated with the following formula: FOV = eyepiece field no. (EFN)/objective lens magnification (M), in μm.
Interstitial Cell Isolation
All procedures for interstitial cell isolation were described previously with minor modifications (Li et al., 2006) . Three intact adult male quails were killed by cervical dislocation, and the harvested testes were then immediately decapsulated and dispersed by pipetting in M199 (Sigma #M4530) medium containing 2.2 mg/mL HEPES, collagenase (0.25 mg/mL), and soybean trypsin inhibitor (0.025 mg/mL); and kept at 37
• C for 30 min in a shaking water bath. The supernatants containing Leydig cells were then decanted through nylon mesh to remove debris. The cells were washed twice by centrifugation and resuspended in 10 ml M199 with 1% fetal bovine serum (FBS) and incubated at 37
• C in a 95% air and 5% CO 2 atmosphere in a 96-well plate. Following a 20-min equilibration period, the cells were treated with PS at doses of 87.5 or 0.875 μg/mL dissolved in dimethyl sulfoxide (DMSO, Wako Pure Chemical Company, Osaka, Japan). At the same time, for half of the 96-well plate (50% of cells in each group), the cells were artificially stimulated with 0.25 mg/mL ovine-LH (O-LH) (NIAMDD-oLH-24, 5 mg, NIAMDD-NIH, Bethesda, MD) for testosterone production. Following a 24-h incubation, media and cells were separately collected for testosterone measurements, and gene expressions were measured in the cells.
RNA Isolation and Real-Time PCR
Total RNA was extracted from the testis and the cultured cells using Isogen reagent kit according to the manufacturer's instructions (Nippon Gene, Tokyo, Japan). The concentration and purity of the isolated total RNA were determined spectrophotometrically using a Nanodrop lite (Thermo Fisher Scientific Inc. Wyman St., Waltham, MA, USA). cDNA was synthesized using PrimeScript reverse transcriptase (TaKaRa Bio, Shiga, Japan) according to the manufacturer's protocol. Oligonucleotide primers were chosen with assistance of Primer3, a Web-based online software system (Table 1) . Amplification sizes for samples and housekeeping gene (β-actin) were firstly checked using 3% agarose gel electrophoresis run in standard TBE buffer and visualized by ethidium bromide staining of regular PCR products. Real-time PCR was performed using Ex TaqR Hot Start Version containing SYBR-Green I (TaKaRa Bio). The expression of each target mRNA relative to β-actin was determined using the 2-ΔΔCT method.
Statistical Analysis
Statistical analysis was performed using GraphPad Prism5 (San Diego, CA). One-way analysis of variance (ANOVA) followed by Dunnett's test was used to determine statistically significant of differences among the groups after log transformation of testosterone and LH data. Moreover, a Kruskal-Wallis test for nonparametric data was used to analyze statistical significance among the groups for other data. Time-point evaluation of the sexual behaviors was analyzed by 2-way ANOVA. All results are represented as means ± SEM and a value of P < 0.05 was considered to be statistically significant.
RESULTS
Chronic Effects of PS
Total body, testis and adrenal gland weights and daily feed intake were not statistically different among the groups. Throughout the study period, no treatment-related deaths were observed and no adverse effects were noted in clinical signs of toxicity. However, plasma the total cholesterol level was slightly decreased by PS feeding at 80 (133.59 ± 6.2 mg/dL) and 800 mg/kg BW (111.68 ± 16.8 mg/dL) compared with controls (140.32 ± 5.7 mg/dL).
Sexual Behavior Testing
PS feeding decreased male quail mating behaviors and courtship. Compared with control subjects, PS-gavaged animals had low mount and copulation behaviors during the first min. Quails that were fed 80 mg/kg BW of PS had low frequencies of mounting behavior (1 min P < 0.001) and copulation (1, 4, and 5 min; P < 0.01) behaviors compared to controls. Quails in the group of 800 mg/kg BW of PS showed low waltzing behavior (P < 0.05) in the first minute and relatively higher behavior during the last minute. Moreover, the mount and copulation behaviors were low (P < 0.05) after 1 min at the high dose of PS compared to controls (Figure 2 ). Over the entire 5-min period, no differences were found in the waltzing behaviors among groups. However, PS feeding decreased mounting behavior (both 80 [2.1 ± 0.53] and 800 mg/kg BW [1.9 ± 0.64] compared to controls (4.3 ± 1.4) (P < 0.05). Moreover, the copulation behavior was also low at the high dose of PS (1.2 ± 0.29) compared to controls (1.8 ± 0.49).
Testosterone and LH Concentrations
PS dose-dependently decreased the plasma testosterone level. Testosterone levels were decreased after chronic feeding of PS at 800 mg/kg BW (Lg3.11 pg/mL) compared with controls (Lg3.35 pg/mL) (P < 0.05). However, LH levels were not different among control (Lg1.16 pg/mL) and either PS dose (80 mg [Lg1.12 pg/mL] or 800 mg/kg BW [Lg1.18 pg/mL]) ( Table 2) .
Testis Morphology and Histology
Testis weights and morphology were not different among groups. However, microscopic differences were observed in the testicular structures of PS-treated animals. In the PS-treated male quails, the seminiferous tubules surrounding Leydig cell appeared smaller in the size, and contained small dark nuclei. In contrast, Leydig cells in the control testes had large bright nuclei and much more cytoplasm (Figure 3 ). Leydig cell number was also low in the testis of PS-treated quails (800 mg/kg BW [50.76 ± 2.45]) compared with controls (65.13 ± 3.63) (P < 0.05; Table 2 ).
Cloacal Gland Size and Foam Amount
The size of the cloacal gland was small (P < 0.05) in the PS groups (80 mg [1.64± 0.06] and 800 mg/kg BW 
Semen Collection and Fertilization Ability
No difference was found in the semen quality including the semen quality factor (SQF), concentration of spermatozoa, or percentage of live and dead 
Real-Time PCR for Gene Expressions Analysis
No difference was found in the expression of steroid acute regulatory protein (stAR) or 3β-hydroxysteroid dehydrogenase (3β-HSD) genes among the control and PS-treated animals. Moreover, the expression of the 17β-HSD gene was low at 800 mg/kg BW of PS compared with controls as shown in Figure 4 .
Interstitial Cell Testosterone Production and Gene Expression
Compared to the intact cells, PS dose-dependently decreased testosterone levels. Moreover, a similar pattern was observed in testosterone levels in the media from the O-LH stimulated cells and PS-treated cell. Compared to control, testosterone levels were low in PS at the dose of 87.5 μg/mL (P < 0.05), (Figure 5A) . No difference was found in the expression of stAR, 3β-HSD, or 17β-HSD genes among the PS-treated cell with or without o-LH stimulation and controls ( Figure 5B , C and D, respectively). Although, PS treatment had significant effect on testosterone levels and cholesterol 
DISCUSSION
This study was conducted to explore the direct effects of PS on testicular functions in male Japanese quails. We believe that this is the first time PS effects on reproductive functions are discussed in great detail. Supplementation of PS at high doses significantly reduced testosterone levels, sexual behaviors, and cloacal gland sizes. Low testosterone production might be caused by lower expression of 17β-HSD or low Leydig cell proliferation in the testes of male quails.
High doses of PS significantly affected mounting and copulatory behaviors in male quail. In most species of birds (including Japanese quail), the sexual behaviors are controlled by gonadal activity and testosterone production (Ball and Balthazart, 2004; Ball and Balthazart, 2010 ). On the other hand, testosterone plays a key role on brain activation of sexual behaviors (Ball and Balthazart, 2010; Maekawa, et al., 2014) , as in adult male Japanese quail, estradiol produced by aromatization of testosterone in the brain induces male mounting behavior (Ball and Balthazart, 2004) . We assume that low testosterone levels might affect the sexual behavior in male quails.
Male Japanese quail are unique in their reproductive system among all avian species because of the presence of the androgen-dependent cloacal gland (Biswas et al., 2007) . Current results showed that PS feeding reduced (P < 0.01) cloacal gland size and the relative amount of foam. The present results are in close agreement with Wilson et al., 1962; Biswas et al., 2007 and Li et al., 2006 , who have also reported a positive correlation among testicular activity, testosterone production and cloacal gland size.
Testosterone as the major male steroid secreted by the gonads was dose-dependently reduced in both in vivo and in vitro experiments by PS. Similar results were previously reported in goldfish (Maclatchy and Vanderkraak, 1995; Sharpe et al., 2006) . Awad et al. (1998) demonstrated that PS administration significantly reduced testosterone levels in rats. More recently, Singh and Gupta (2016) also found that β-sitosterol exerted antifertility effects on the rat. Based on human studies, testicular steroidogenesis depends on a continuous supply of cholesterol derived either from de novo Leydig cell synthesis or from uptake of circulating LDL-C (Dobs et al., 2000) . On the other hand, absorbed PS mainly accumulates in the gonads and adrenal glands (Boberg et al., 1986; Wolfreys and Hepburn, 2002) . Thus, testosterone reduction might be caused by low cholesterol (LDL-C) level or due to PS accumulation in the testis.
It is well known that Leydig cells play the primary role for testosterone production and spermatogenesis in the testis (Li et al., 2006) . Histologic examination of the testes revealed that Leydig cells, in terms of size and number, were smaller in the PS-treated animals compared with control. Morphologically, Leydig cells in the testes of PS-treated quails had low amounts of cytoplasm surrounding dark nuclei. Moreover, Leydig cell number was significantly attenuated in the group receiving 800 mg/kg BW PS as compared with control. Based on previous knowledge, two mechanisms might be involved in the malfunction of Leydig cells: 1) PS might decrease Leydig cell proliferation (by interrupting normal functioning with accumulation); or 2) PS are known to be a potent ligand for the Liver X receptors (LXR) α and β (an obligate heterodimer that belongs to a subclass of nuclear receptors). LXR has important functions in lipid homeostasis in cells. LXRα is highly expressed in Leydig cell and has apoptotic function, while the LXRβ is mostly expressed in the Sertoli cell and has proliferative functions (Bradford and Awad, 2010; El-Hajjaji et al., 2011; Maqdasy et al., 2016) . Consequently, PS may exert apoptotic effects on the Leydig cells in the testis of male quails.
Despite our poor knowledge regarding the basic molecular mechanisms involved in PS effects on testis, it is generally believed that PS possess regulatory effects on the two major cholesterol regulatory pathways, LXR and sterol response element binding protein (SREBP) (Calpe-Berdiel et al., 2009) . In steroidogenic tissues, stAR, 3β-HSD and 17β-HSD are the target proteins for the LXR (Volle and Lobaccaro, 2007) . Relative expression of 17β-HSD in quails under chronic feeding of PS (800 mg/kg BW) 17β-HSD was lower than control animals. However, the expressions of steroidogenic enzymes were not significantly different among the groups in both in vivo and in vitro experiments. These results did not support the previous report in goldfish (Sharpe et al., 2007) , because stAR expression was not statistically different among the groups. In the chicken, low expression of 17β-HSD in the testis is the sign of immature testis (Deviche et al., 2011) . We assumed that lower expression of 17β-HSD might also associate with low testosterone production in the PS treated quails.
Collectively, these results suggested that PS as a feed additive exert direct effects on the reproductive function and sexual behaviors of male Japanese quail. Indeed, the PS effects are greater on the Leydig cell function compared to Sertoli and germ cells. Moreover, low numbers of active Leydig cells and attenuated 17β-HSD expression reduced testosterone production in the testis of PS treated male quails. Consequently, low testosterone concentrations curtailed the animals' libido and courtship behavior, and reduced cloacal gland size.
